The ozone distribution in the stratosphere is also strongly influenced by processes occurring in the troposphere since the stratospheric abundances of nitrogen oxides and halogens are determined by the emission and transport of their tropospheric precursors. It is thus important to extend the calculation of the photochemistry to the upper troposphere in order to maintain adequate lower boundary conditions. Ultimately, it will be important to have a model where the complex chemistry of the troposphere is also coupled into MAMs. Such a model could potentially be used to address other important issues such as the effects of aircraft (both subsonic and supersonic) on ozone and climate, and the impact of ozone changes at the tropopause on surface temperatures. Such a model would require a more detailed and accurate representation of the chemistry and dynamics, and in particular, of stratosphere-troposphere exchange processes [Intergovernmental Panel on Climate Change (IPCC), 1999].
In this paper, we present results from a multiyear integration of the model and compare them with a reference climatology in various regions. We demonstrate that the overall approach to si•nulate ozone within an extended domain produces a good representation of the ozone distribution and variability over a wide range of spatio-temporal scales. The paper highlights the model's capability to incorporate various feedbacks and forcing mechanisms. Some discussion on potential model improvements in various areas is also presented.
Model Description
The Canadian Middle Atmosphere Model (CMAM) is a vertically extended and modified version of the general circulation model (GCM) of the Canadian Centre for Climate Modelling and Analysis (CCCma) [McFarlane et al., 1992] . It is a spectral model with a hybrid vertical coordinate which is terrain following near the surface and changes to a pressure coordinate throughout the middle atmosphere. This version of the model is run with 50 levels and T32 spectral resolution in the horizontal and uses a 15-rain time step. In the middle atmosphere the vertical resolution is •3 km, and the model top is at p = 0.000637 hPa or about 95 kin. The climatology of the earlier version of the CMAM was described by Beagley et al. [1997] , and preliminary results with the chemical module were presented by de Grandprd et al. [1997] . To describe the momentum deposition by a broad spectrum of subgrid-scale gravity waves (GWs), the parameterization scheme of Medvedev and Klaassen [1995] is used. In this study, the GW source is represented by an isotropic wave spectrum launched near the tropopause as described by Medvedev et al. [1998] . For orographic GWs the parameterization of McFarlane [1987] is used. We also employ the middle atmosphere infrared scheme from Fomichev and Blancbet [1995] and Fomichev et al. [1998] .
The model includes a photochemistry module which contains 44 species including odd-hydrogen, odd-nitrogen, odd-chlorine, and odd-bromine families, N20, CFC-11, and CFC-12, CH3Br, CH4, and its oxidation products including CO. It has 127 photochemical reactions, Changes from the previous report include the transport of the chlorofiuorocarbons and the addition of atomic nitrogen and methyl bromide (CH3Br). Although not all forms of stratospheric chlorine and bromine have been included, the mixing ratios for both CH3Br and the CFCs have been adjusted so that the chlorine and bromine loading of the stratosphere is appropriate for mid-1990s conditions. The halogen reservoir is maintained at 3.5 ppbv by imposing CFC-11 and CFC-12 surface mixing ratios at 0.55 ppbv and 0.93 ppbv, respectively. For methyl bromide a value of 14 parts per trillion by volume (pptv) has been used to include other sources of bromine which have not been taken into account. As before, nitrous oxide and methane have their surface values specified as 315 ppbv and 1.6 ppmv, respectively. To prevent the long-term buildup of other transported species, a dry deposition term with a deposition velocity of 0.3 cm s -• is applied.
The addition of nitrogen atom chemistry to the model has been made to improve the NOx distribution in the mesosphere. Thus the photolysis of NO followed by the reaction of the N formed with the remaining NO, which represents the main sink for odd-nitrogen in the mesosphere and lower thermosphere, has been added along with a few other reactions involving atomic nitrogen (see Table 1 ). Additionally, upper boundary conditions for odd--oxygen and odd-nitrogen of 0.01 volume mixing ratio and 1 ppmv, respectively, have been applied to account for the flux of these species to and from the lower thermosphere. The description of tropospheric processes has been improved by the addition of convective mixing using a mass flux scheme [Zhang and McFarlane, 1995] The results indicate that both the upper stratosphere and lower stratosphere have large variability throughout the year. The two model maxima in the ozone variability at 50øN and 50øS and •1.5 hPa are located close to those of the observations although they are less intense by a factor of 2 to 3. This mostly highlights the fact that the model is unable to produce sufficient upward tilt of the ozone isopleth in the winter higher latitudes. We note that this model deficiency is not very temperature-dependent since more recent integrations with a significantly cooler upper stratosphere show the same effect. In the lower stratosphere the enhanced seasonal variability seen in the model below 10 hPa is likely driven by an enhanced model transport as compared with observations. The location of the maximum variability at 45øN is in general agreement with observations, whereas the 35øS maximum appears to be shifted due to the strength of the SH polar vortex in the model, which moves the mixing barrier toward lower latitudes throughout most of the year.
Mesosphere
The current version of the model includes a reaction set adequate to represent the ozone behavior throughout the mesosphere and lower thermosphere. In the mesosphere the ozone photochemistry is, in some respects, simpler than in the stratosphere due to the re- 
3.t•. Ozone Variability
An importan• aspect of MAMs is their capability tx) provide a comprehensive representation of the ozone spario-temporal variability at various scales. The panels in Figure 11 show for January, April, July, and October the daytime monthly mean standard deviation. calculated using the information stored every 3 days and accumulated over the 10 year period. The ozone varb ability patterns are generally similar for solstice conditions (Figures 11a and 11c) Nevertheless,, further investigation using more extended data sets is required to better characterize this effect.
We note finally that an interesting discrepancy between the simulation and observations appears between 20 hPa and 10 hPa. In this region the model predicts a minimum percentage variability throughout the year, whereas the CIRA shows the opposite. This is likely associated with the modeled high ozone bias in this layer (see Figure 2) , which lowers the percentage variability.
In the mesopause region, ozone is considerably more variable on a daily basis than it is in the stratosphere. Figure 11 shows that the monthly variability is large in the region and has the same order of magnitude as the model monthly mean biases seen on Figure 2 . It shows the necessity of characterizing the ozone variability from measurements in this region to address climatological trends of ozone and other constituents. In the winter mesosphere the high ozone variability appears to come from the downward transport of ozone, as suggested by the downward tilting of the isopleths. Such variability is expected as the model dynamics is largely driven by gravity-wave-induced downwelling in this region.
Ozone Radiative Feedback
The results presented so far have included "radiative feedback", namely, the use of prognostic ozone and water vapor to calculate the heating rates. In order to iso- climatology, CMAM has also been run with no radiative feedback (i.e., using climatological ozone and water for radiative forcing inputs) for 3 years. Although a 3-year simulation may be somewhat short in general for identifying anomalies, it appears adequate in this case given the magnitude of the effects. Figure 13 shows the temperature differences between the model and CIRA climatologies [from Fleming et al., 1990] for January and July for both the noninteractive (Figures 13a and  13b ) and interactive case (Figures 13c and 13d) . We note that these results were produced with an earlier version of the model which included a GW source different from the one otherwise used in this study. This GW source produced a robust warm temperature anomaly in the winter SH lower stratosphere, forced by the overly strong adiabatic descent within the polar vortex. This model version also tended to generate a cold anomaly in the lower stratosphere, which may be associated The impact of incorporating ozone radiative feedback on the model climatology has been analyzed. The results show that minor changes in the ozone distribution may have a significant impact upon model temperatures in specific regions, particularly in the summer stratopause region where the atmosphere is near radiative equilibrium. In the case of CMAM the incorporation of the ozone radiative coupling has removed a persistent warm bias in the model and brought the CMAM temperatures closer to CIRA despite the fact that modeled ozone is lower than the CIRA climatogical values. This result raises some questions about a possible inconsistency between the two CIRA data sets. The study shows that the CMAM with interactive ozone can be used in a large range of applications which require the inclusion of a comprehensive representation of photochemical feedbacks.
